Alien plants are a growing threat to the Galápagos unique biota. We evaluated the impact of alien plants on eight seed dispersal networks from two islands of the archipelago. Nearly 10 000 intact seeds from 58 species were recovered from the droppings of 18 bird and reptile dispersers. The most dispersed invaders were Lantana camara, Rubus niveus and Psidium guajava, the latter two likely benefiting from an asynchronous fruit production with most native plants, which facilitate their consumption and spread. Lava lizards dispersed the seeds of 27 species, being the most important dispersers, followed by small ground finch, two mockingbirds, the giant tortoise and two insectivorous birds. Most animals dispersed alien seeds, but these formed a relatively small proportion of the interactions. Nevertheless, the integration of aliens was higher in the island that has been invaded for longest, suggesting a time-lag between alien plant introductions and their impacts on seed dispersal networks. Alien plants become more specialized with advancing invasion, favouring more simplified plant and disperser communities. However, only habitat type significantly affected the overall network structure. Alien plants were dispersed via two pathways: dryfruited plants were preferentially dispersed by finches, while fleshy fruited species were mostly dispersed by other birds and reptiles.
Introduction
Globally, invasive species rank among the most serious threats to native biodiversity and as such they become a major driver of global change [1] . Their ravaging effects are nowhere more powerful than on oceanic islands [2] , where ecologically 'naive' species evolved under low selective pressure from higher trophic-level species (e.g. herbivores and parasites) [3] .
Even in remote archipelagos, such as the Galápagos, Mauritius and Hawaii, alien plants already outnumber native species [4] [5] [6] . Many of these aliens have high invasion rates owing to the long distance dispersal of their seeds [7] . Seed dispersal may be particularly decisive when frugivores include the fruit of invasive plants into their diets and consequently facilitate their establishment and spread [8] .
Most oceanic islands, particularly remote ones, have low species diversity, and some animal groups are more poorly represented than plant species [3] , i.e. the ratio between animal and plant species tends to be lower on islands than on continents [9] . This can magnify the effect of anthropogenic shifts in the assemblage of frugivores, affecting seed dispersal and influencing overall vegetation structure and ecosystem functioning [10] . Knowledge of seed dispersal processes can thus prove crucial to understanding the dynamics of plant & 2012 The Author(s) Published by the Royal Society. All rights reserved invasions and the planning of effective conservation strategies, such as the control or eradication of fleshy fruited weeds [11] . There are increasing efforts to collect information on the potential dispersers of invasive plant species [12] and on the plants dispersed by introduced animals [13] . However, rigorous information on the entire species assemblages of plants, seed dispersers and their interactions is still rarely available [14] . Even when such studies exist, they have mainly considered birds, with reptiles and mammals receiving much less attention [15] . In order to make an unbiased community-level assessment of seed dispersal, all animals that include fruits or seeds in their diets should be considered simultaneously [16] .
Much ecosystem functioning is founded on species interactions [17] , and it is through the network of interactions that disturbances cascade through biological communities [18] . In recent years, this growing realization has lifted the focus of conservation efforts from species to ecosystems [1, 19] . While there is an increasing number of studies documenting different aspects of the dispersal of native and invasive plants by frugivores [10, 20] , the consequences of the integration of alien plants into seed dispersal networks has been poorly explored [21] . By contrast, several studies have evaluated the impact of alien plants upon pollination networks. These have produced different results, with some studies detecting changes in the structure of pollination networks [22, 23] , while others have not [24, 25] . These results suggest that the effect of alien species is system-dependent. In some cases, the disruptive effects of alien plants can be detected at the network-level, whereas in others, changes are more subtle and take place at the level of individual species [25] . Here, we report on the results of a study on the impact of alien plant species upon plant-seed disperser networks on the Galápagos Islands, simultaneously considering network-and species-level effects.
The Galápagos Islands and their unique biodiversity are seriously threatened by alien invasive plants [26] . These may affect native species directly, but repercussions may also ripple off throughout the entire ecological network of an island or the archipelago without necessarily leading to the local extinction of native species [27] . We suggest that such a disturbance scenario can be better understood by a network approach; however, our knowledge on seed dispersal networks in the archipelago is still very limited [28] . In this study, we analyse the temporal patterns of fruit production, which set the template for frugivory, and the links connecting fruiting plants and their seed dispersers.
There are four objectives in our study: (i) Evaluate the synchrony in the fruiting phenology of the most abundant native and alien plants. We hypothesize that the benefit resulting from seed dispersers might be higher for alien species that produce fruits in periods of native fruit shortage.
(ii) Evaluate the extent to which alien plants infiltrate the seed dispersal network and the structural consequences of that integration at the species and network levels. We hypothesized that the linkage pattern in invaded sites would become more generalized, given that alien species tend to be attractive to many frugivores [29] . (iii) Assess the relative importance of different fruit-eating species as seed dispersers. (iv) Evaluate the existence of preferred 'invasion routes' taken by animal-dispersed fleshy-and dry-fruited alien plants into the Galápagos seed dispersal systems.
Material and methods (a) Study site
The Galápagos lie on the equator in the Eastern Pacific, ca. 960 km west of South America (see the electronic supplementary material, appendix A). This young volcanic archipelago, 0.5-4 Myr, [30] is composed of 13 islands larger than 10 km 2 and numerous islets. The archipelago has two seasons: a hot/wet season prevails from January to May, corresponding to the fruiting period of most plants, while a cold/dry season occurs from June to December [31] . During the dry season, a permanent drizzle (or garú a) allows the development of a permanently humid habitat in the highest part of the tallest islands, whereas the lowland zone of all the islands is markedly dry [31] .
The late establishment of permanent human settlements in the archipelago, as recent as the nineteenth century, delayed the onset of anthropogenic habitat degradation [32] . However, alien species rapidly took their toll and changed extensive areas of the archipelago [33] . According to the Charles Darwin Foundation checklist [34] , the Galápagos flora consists of 557 native vascular plant species (of which 32% are endemic), and more than 825 alien species. Among the most problematic invasive plants are the fleshy-fruited Psidium guajava (guava) and Rubus niveus (blackberry), which have severely altered the composition and structure of some of the natural ecosystems, particularly in the humid zone [33] .
(b) Experimental design
Data were collected from eight sites using a hierarchical design (see the electronic supplementary material, appendix A) including the two most human-populated islands (Santa Cruz and San Cristó bal), the two most representative vegetation types (dry lowland and humid highland) and two levels of invasion ('native' and 'invaded'). The classification of the invasion level was first made based on the visual estimation of native and introduced plant cover and further confirmed by counting all native and introduced fruits produced in each site. The eight sites were sampled with equal effort between March 2010 and February 2011. During the main fruiting season (February-July) each site was visited twice per month, while the same sites were visited once per month in the cold/dry season. Data from each site were pooled and used to build year-round seed dispersal networks. Quantitative seed dispersal networks were based on the analysis of faecal samples from birds, the giant tortoise and lava lizards. Interaction frequency was quantified as the number of droppings from each animal species containing at least one intact seed of each plant species. Bird faecal samples were collected during 18 ringing sessions with mist nets at each site. In each session, mist nets were opened at sunrise and remained open for 6 consecutive hours. Captured birds were left up to 30 min in ringing bags to defaecate. Intact seeds in droppings were identified under a dissecting microscope by comparison with the reference collection in the Charles Darwin Foundation. Reptile droppings were collected along one fixed 50 Â 2 m linear transect in each plot and seed identification was performed with the same methodology. Overall, 2879 droppings were collected: 2293 from 15 bird species and 586 from three reptile species.
To document fruiting phenology, the abundance of fleshy fruits was estimated for each plot by monthly counts of all ripe fruits within a swathe of vegetation of 1 m either side of a fixed 50 m linear transect. [35] is a measure of the selectivity of a species that takes into account surrogates of overall plant availability for their interactions partners. Species strength of plants and dispersers, suggested by Bascompte et al. [36] , is the sum of each species' dependencies and reflects the importance of each species to the other 'trophic' level. Throughout the text, we used species strength as a proxy of the dispersers importance to plants.
(d) Network structure
We tested whether the integration of alien plants affected six common network descriptors: connectance, weighed nestedness based on overlap and decreasing fills (WNODF), plants' niche overlap, dispersers' generality, robustness against extinction of dispersers and weighted interaction evenness (see Dormann et al. [37] and references therein for detailed descriptions of all parameters and their implementation).
(e) Data analyses Species-and network-level parameters were calculated using the statistical package Bipartite v. 1.16 [37] for R [38] . Species-level descriptors did not achieve normality after transformations and were included in generalized linear models with the most appropriate error distribution (normal, gamma or Poisson) and correspondent link function. Four explanatory variables were included as fixed factors in the model: island, habitat, level of invasion and plant origin. Network-level descriptors were transformed and included in general linear models with three fixed factors (island, habitat and level of invasion). Network size was used as a covariate in all models, as it is known to influence most network descriptors [39] . All models were fitted using SPSS v. 17.
The existence of 'preferred' dispersal routes was evaluated with two-way x 2 contingency tables to test for independence between the frequency of occurrence of seeds of dry-and fleshyfruited plants in the droppings of the following disperser groups: Galápagos finches, other birds and reptiles. While there were other possible ways to group the dispersers after phylogenetic and/or functional traits, these three broad categories allows us to detect overall trends between finches and non-finch birds which are known to have quite distinct feeding behaviour [28, 40, 41] and distinguish these from non-flying dispersers.
Results
Intact seeds were retrieved from 498 bird (22%) and 208 reptile (36%) droppings. Only droppings from the birds Lateralus spilonotus, Zenaida galapagoensis and Coccyzus melacoryphus did not have any intact seed.
A total of 9159 intact seeds from 58 plant species were retrieved from the droppings, revealing a total of 144 interactions with the 18 dispersers. The overall seed dispersal network is shown in figure 1 and site-specific networks in electronic supplementary material, appendix B. Identified plants included 33 (57%) natives and 14 (24%) alien species. The remaining 19 per cent could not be identified to species-level. Of all identified seeds, 8019 (88%) were from natives and only 447 (5%) were from aliens. This result, however, is influenced by the high abundance of the very small seeds of Miconia robinsoniana (n ¼ 5781 seeds; 63.1% of all seeds found), which was mainly dispersed by the yellow warbler (Dendroica petechia). However, even excluding the seeds of this species, the majority (66%) were native, compared with 13 per cent alien and 21 per cent of undetermined origin. Nevertheless, intact alien seeds were found in droppings of 15 of the 18 seed dispersers. Among the serious invasive species, seeds of R. niveus were dispersed by six bird species (mainly Myiarchus magnirostris and Mimus melanotis); Lantana camara was mainly dispersed by the two lizard species, and to a minor extent by Myiarchus magnirostris and Mimus melanotis; finally, P. guajava was dispersed by the bird Mimus melanotis, the lizard Microlophus bivattatus, and the giant tortoise Chelonoidis nigra (see the electronic supplementary material, appendix C). (a) Level of invasion and fruiting phenology Fruit production was highly variable among sites (see the electronic supplementary material, appendix D). The total number of fleshy fruits counted at each site over the whole year ranged from 480 to 34 654 (mean ¼ 11 178). The proportion of alien fruits was nearly 100-fold higher in the invaded than in the native site across all pairs (table 1) , supporting the a priori experimental design. Although the proportion of alien fruits at native sites was consistently small, there was much variation in level of invasion among invaded sites (0.3%, 42.1%, 65.5% and 96.1%, respectively), with a higher level of invasion on San Cristóbal (see the electronic supplementary material, appendix E).
The peak of the fruiting season was reached in May and ranged from April to August for most species, although some species such as Scutia spicata set fruit earlier (figure 2; electronic supplementary material, appendix F). Most common native plants had sequential fruiting peaks with a large overlapped in fruit production. However, two common alien invasive species fruited mostly asynchronously with the main peak of native fruit production: R. niveus in February and P. guajava in July -August.
(b) Species interaction patterns
On Santa Cruz, native plants tended to have more disperser species than aliens, while the opposite was found on San Cristó bal ( figure 3 and table 2 ).
On average, plants from the humid zone showed a higher degree of specialization (d 0 ), i.e. a higher selectivity among possible dispersers, and also a higher strength than species from the dry zone (table 2) . Invaded sites had lower levels of specialization (d 0 ) for native plants but greater levels for aliens (figure 4), implying that natives become less selective on their dispersers as invasion progresses, whereas aliens become more selective. Moreover, alien plants showed higher linkage level than natives on the most invaded San Cristóbal, while the opposite occurred on Santa Cruz ( figure 3) .
Reptiles, particularly the two species of lava lizards, were the most important dispersers for the plant community in terms of their strength (figure 5). Among birds, the small ground finch (Geospiza fuliginosa), followed by the two endemic mocking birds (Mimus spp.), showed the highest strength.
(c) Network structure
As suggested from the visual inspection of the networks (see the electronic supplementary material, appendix B), the overall network structure was quite similar between islands and between native and invaded sites (table 1; electronic supplementary material, appendix E). Regarding habitat, however, networks in the humid zone were simpler in structure than in the dry zone and were usually dominated by two or three very common interactions (see the electronic supplementary material, appendix B). Thus, habitat had a strong effect on network structure, affecting most network descriptors. However, when network size was included as a covariate in the model, none of the parameters was significantly affected, indicating a high correlation between network size and most descriptors. Similarly, none of the network descriptors was significantly affected by level of invasion or by the interaction between this variable and either of the two other explanatory variables (table 1) . Table 1 . Mean values of the network descriptors for island, habitat and level of invasion. p (w/size) reflects the significance of each variable when network size is included in the model. Significant differences for a ¼ 0.05 are marked with asterisk (*). On average, the number of disperser types used by native plants (1.53) was slightly lower than for aliens (1.80). A high proportion of plants (n ¼ 29; 56%) appeared to be consumed by only one type of disperser type, whereas only four species were consumed by all three types. These four plants included two dry-fruited aliens Portulaca oleraceae and Talinum paniculatum, the fleshy-fruited invader R. niveus and the fleshy-fruited native Tournefortia psilostachya (see the electronic supplementary material, appendix J).
Discussion
Despite the serious threats posed by alien species in the Galápagos, with ca 60 per cent of the flora being alien and over 100 invasive species [6] , the proportion of alien plants in the seed dispersal networks is still relatively low (24% of the species; 17% of the droppings; 5% of the seeds). Although comparable data are not available for most oceanic archipelagos, this invasion level is considerably lower than that of a similar study in the Azores ca 60 per cent (R. Heleno 2012, unpublished data). Nevertheless, four of the five top invasive plants in the Galápagos have fleshy fruits and we found three of these (R. niveus, L. camara and P. guajava) well integrated into the seed dispersal networks.
(a) The role of different vertebrates as seed dispersers
Lava lizards (Microlophus albermarlensis in S. Cruz and Microlophus bivattatus in San Cristóbal) were quantitatively the most important seed dispersers of all. The seven endemic Microlophus species are abundant in the dry zone of all main islands (except on Darwin and Wolf), which is the most common habitat type in the archipelago [42] . Although lizards are important seed dispersers on other oceanic islands [43] , their role as seed dispersers in the Galápagos had not been previously evaluated. In the present study, the two species of lava lizards dispersed 972 intact seeds (present in 190 droppings; mean ¼ 5.1 (min ¼ 1, max ¼ 24) seeds/dropping) of 27 plant species, especially T. psilostachya, Zanthoxylum fagara, Chiococca alba and L. camara ( figure 1 ). The attractiveness of Z. fagara fruits is puzzling, considering the almost complete absence of fruit pulp and the sharp spines protecting fruiting branches. Notwithstanding, these fruits were among the most consumed food items of lizards and flycatchers, resulting in the dispersal of many (n ¼ 246) intact seeds. We hypothesize that such rspb.royalsocietypublishing.org Proc R Soc B 280: 20122112 consumption might be related to the antifungal properties recently identified in Z. fagara fruits [44] . Although giant tortoises were present at only one of our study sites, this species also played an important role as seed disperser (i.e. high species strength). Thus, the extirpation of tortoises must have had a negative impact upon seed dispersal in general [45] . The current re-introduction of tortoises to several islands is likely to have important consequences for the population dynamics of many species and should be monitored carefully [46] .
Our results also support previous findings [41, 47] that ground finches act mainly as seed predators, and not so much as dispersers, of L. camara. Instead, we found 100 intact seeds of this species in the droppings of lava lizards (n ¼ 38), mockingbirds (n ¼ 5), flycatcher (n ¼ 8) and giant tortoise (n ¼ 1), which clearly shows that animals are actively involved in the dispersal of this invasive shrub.
Among birds, G. fuliginosa was the most important disperser, followed by the two mocking bird species from each island (Mimus parvulus in S. Cruz and Mimus melanotis in San Cristó bal). However, when considered together, these two species exceeded the importance of G. fuliginosa, which occurs on both islands. Geospiza fuliginosa dispersed a high number of intact seeds by virtue of its high abundance (c. 37% of all bird captures; electronic supplementary material, appendix H) and wide distribution in the dry and humid zones, but many seeds were physically destroyed [41] . By contrast, mockingbirds, mostly restricted to the dry zone, appeared to act more as legitimate dispersers than as seed predators.
The important contribution of insectivores for seed dispersal ( particularly Myiarchus magnirostris and D. petechia) (figure 1) [48] suggests that the effectiveness of the Galápagos dispersers is better described as a gradient from poor to good dispersers than by the typically assumed dichotomy between legitimate seed dispersers and non-dispersers, akin to the distribution described by Heleno et al. [49] in the Azores (and see also Nogales et al. [50] ). The only introduced bird in the Galápagos, Crotophaga ani, has been suggested to play an important role in facilitating plant invasions [48, 51] . Even if based on a small number of droppings (n ¼ 12), we found little evidence for this effect, as 99.7 per cent of the Table 2 . Mean parameter values for the plant species-level descriptors for island, habitat and level of invasion. Significant differences for a ¼ 0.05 are marked with asterisk (*). (b) Historical factors driving a delayed integration of invaders San Cristóbal was colonized by humans earlier than Santa Cruz, which translated into an earlier arrival of invasive plants [6, 52] . This might explain the stronger integration of alien plants in the San Cristóbal networks. Although Santa Cruz has now more naturalized species, as a consequence of its exponential human population growth [32] , many of these aliens have not yet become widely spread [6] , and may consequently be still poorly infiltrated into the local seed dispersal networks. It is thus likely that seed dispersal networks in Santa Cruz will develop along the same trajectory as that seen in San Cristóbal. Two of the most invasive species, R. niveus and L. camara, are especially widespread and abundant in San Cristóbal compared with Santa Cruz. This might actually lead to the higher number of dispersers of alien plants observed in the former, and supports the hypothesis of a delayed integration of alien plants in Santa Cruz.
(c) Native and alien fruiting phenology and invasion routes
Fruiting phenology is an important constraint of plantdisperser interactions [53] , although knowledge regarding fruiting phenology of most Galápagos plants is very limited. The pattern described here of sequential ripening of native fruits in the Galápagos is compatible with an inter-specific strategy to avoid satiation of dispersers, in line with what has been suggested for asynchronous fruit ripening within conspecific plants [54] . Similarly, the asynchronous fruit production of R. niveus and P. guajava in relation to most native species is likely to offer a competitive advantage to these aliens, as the abundance of seed dispersers in periods of native fruit shortage might be an important mechanism assisting alien expansion. Although our study is a first step in the understanding of fruit-frugivore dynamics in the archipelago, such a hypothesis deserves further attention. Alien plant species invaded the seed dispersal networks along one of two pathways: the dry-fruited and the fleshyfruited routes. The invasion along the dry-fruited route was facilitated by finches, whereas the invasion along the fleshy-fruited route was facilitated by other bird species, lizards and the giant tortoise (see the electronic supplementary material, appendix J). We found almost no exception to this pattern.
(d) Species interaction patterns
Disperser specialization was lower in the dry than in the humid zone, which we attribute to the more diverse vegetation in the former, as it offers a higher variety of resources to frugivores. Moreover, disperser strength was, on average, higher in the humid than in the dry zone, reflecting a greater importance of each disperser species for humid communities, with less disperser species. Our findings showed that alien plants tend to disperse more seeds by means of fewer dispersers (i.e. becoming more specialized) as invasion progresses, while native plants show the opposite pattern. We attribute these results to the selective pressure that alien plants may exert on the frugivore community, starting off by being dispersed by generalists but favouring the dispersers that are most effective in consuming their fruits Figure 5 . Mean species strength of seed dispersers in native (grey bars) and invaded (black bars) sites. The disperser strength, suggested by Bascompte et al. [36] , reflects the importance of each species for the plant community.
rspb.royalsocietypublishing.org Proc R Soc B 280: 20122112 and displacing those that are more dependent on native resources, from highly invaded sites. The end result might thus be a simplified plant community, which would tend to promote a less diverse community of dispersers [21] .
(e) Network structure Overall, network topology did not vary much between islands or with the level of invasion, although differences between native and invaded sites were easily perceived and quantified in the field. It is possible that seed dispersal networks behave like phase-shift systems, i.e. highly resilient to intermediate levels of disturbance and then suddenly breaking down irreversibly, as suggested for trophic [55] and pollination networks [56] . If that is the case, our data suggest that this phase-shift threshold has not yet been reached in any of the studied sites; however, the networks on San Cristó bal are at a more advanced stage of degradation.
The dry and humid zones in the Galápagos are markedly different, and differences in their seed dispersal systems were also expected. This expectation was largely confirmed as most network and species level descriptors evaluated differed significantly between dry and humid habitats (table 1). Such differences were largely explained on the basis of network size, with much larger, diverse networks in the dry lowlands. Miconia robinsoniana, the characteristic tree in the humid habitats (also known as the Miconia zone), was the only species found to be dispersed into all habitats, suggesting that the species distribution is not limited by seed dispersal. Hence, this species might respond well to the on-going control of alien species in the humid zone by the Galapagos National Park.
(f ) Concluding remarks
Despite the advanced plant invasions in Galápagos, the level of integration of alien seeds into seed dispersal networks is still relatively moderate. Lava lizards were found to be the most important dispersers, at least quantitatively, moving the seeds of 27 species. The large representation of granivorous and insectivorous birds is reflected in an overall low frequency of occurrence of intact seeds in droppings. Nevertheless, two insectivorous species (Myiarchus magnirostris and D. petechia) showed an unexpectedly high contribution to the overall seed dispersal process.
By fruiting outside the main native fruiting season, the aliens R. niveus and P. guajava might benefit from an unsaturated disperser community to assist their spread. Alien plants were found to become more specialized during the invasion process, favouring more simplified plant and disperser communities. Sites on San Cristóbal were at a more advanced stage of invasion, which translated into a higher integration of alien fruits in the seed dispersal networks. This suggests a time-lag between the establishment of alien plants and their impacts on the structure and function of seed dispersal networks. Alien plants tend to be integrated into seed disperser networks via two preferred routes: dry-fruited species such as grasses and herbs tend to be dispersed by Galápagos finches, mostly granivorous, whereas fleshy-fruited plants are mainly dispersed by other birds and reptiles, particularly lava lizards.
